The gene encoding the Pyrococcus furiosus hyperthermophilic amylopullulanase (APU) was cloned, sequenced, and expressed in Escherichia coli. The gene encoded a single 827-residue polypeptide with a 26-residue signal peptide. The protein sequence had very low homology (17 to 21% identity) with other APUs and enzymes of the ␣-amylase family. In particular, none of the consensus regions present in the ␣-amylase family could be identified. P. furiosus APU showed similarity to three proteins, including the P. furiosus intracellular ␣-amylase and Dictyoglomus thermophilum ␣-amylase A. The mature protein had a molecular weight of 89,000. The recombinant P. furiosus APU remained folded after denaturation at temperatures of <70°C and showed an apparent molecular weight of 50,000 in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Denaturating temperatures of above 100°C were required for complete unfolding. The enzyme was extremely thermostable, with an optimal activity at 105°C and pH 5.5. Ca 2؉ increased the enzyme activity, thermostability, and substrate affinity. The enzyme was highly resistant to chemical denaturing reagents, and its activity increased up to twofold in the presence of surfactants.
mM sodium acetate (pH 5.6) (buffer B) and applied to an affinity column (2.5 by 16 cm) of ␣-cyclodextrin-Sepharose prepared as previously described (21) . The affinity column was washed with 6 M urea to remove all noncovalently bound ␣-cyclodextrin and then equilibrated with buffer B before the enzyme was loaded. After the column was washed with buffer B and then with 1 M NaCl in buffer B, P. furiosus APU was finally eluted with 0.5% ␣-cyclodextrin in buffer B. The purified enzyme was washed with buffer B and concentrated in an ultrafiltration cell (Amicon, Danvers, Mass.).
The recombinant P. furiosus APU, when expressed in E. coli, was not secreted into the medium. Cells carrying plasmid pSK211 were grown in LB-ampicillin medium. Cell homogenates were prepared by French press treatment. After a 30-min heat treatment at 85°C, the cell homogenate was centrifuged at 16,300 ϫ g for 20 min. The recombinant enzyme was purified from the supernatant by Q-Sepharose and ␣-cyclodextrin-Sepharose chromatographies as described above.
The N and C termini of the recombinant P. furiosus APU as well as internal sequences of the native APU were sequenced by the Michigan State University Macromolecular Facility.
Enzyme assay. Pullulanase and ␣-amylase activities were determined by measuring the amount of reducing sugar released during enzymatic hydrolysis of 1% pullulan or soluble starch in buffer B containing 0.5 mM Ca 2ϩ at 98°C for 15 min. A control without enzyme was used. The amount of reducing sugar produced was measured by the dinitrosalicyclic acid method (modified from that described previously [3] ). One unit of pullulanase or ␣-amylase activity was defined as the amount of enzyme that released 1 mol of reducing sugar as glucose per min under the assay conditions. Unless otherwise stated, pullulan was used as the substrate for enzyme activity assays. The protein concentration was determined as described previously (11) .
Gel electrophoresis. Protein samples were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and native PAGE as described previously (11) . Starch-containing SDS gels and native polyacrylamide gels were prepared as described previously (11) . Activity staining was performed as described previously (11) except that the gels were incubated in acetate buffer at 90°C for 30 min instead of 10 min.
pH and temperature studies. The effect of pH on the recombinant P. furiosus APU activity was measured at 98°C in 50 mM sodium acetate buffer (pH 3.5 to 6.0), 50 mM potassium phosphate buffer (pH 6 to 8), and 50 mM Tris-HCl buffer (pH 6 to 11) in the presence of 0.5 mM Ca 2ϩ . All pHs were adjusted at room temperature. pH values reported at 98°C were corrected by using ⌬pKa/⌬T°C ϭ Ϫ0.031, 0.000, and 0.000 for Tris, acetate, and phosphate, respectively (24) .
To determine the effect of temperature on APU activity, activity assays were performed in buffer B at different temperatures.
Enzyme thermal inactivation was performed by incubating 100-l enzyme samples (final concentration, 60 g/ml) in 0.1 M sodium acetate buffer (pH 5.6) in the presence or absence of 5 mM Ca 2ϩ at 90, 99, and 106°C in 100-l screw-capped PCR tubes (catalog no. 72.733.050; Sarstedt, Newton, N.C.). After appropriate times, samples were withdrawn and tested for residual pullulanase activity under standard conditions.
Effect of metal ions and other reagents. EDTA (10 mM) was added to the recombinant P. furiosus APU in buffer B. After 1 h of incubation, the mixture was dialyzed against buffer B containing 2 mM EDTA and then three times against buffer B without EDTA. Different metal ions were added to the EDTA-treated enzyme, and the mixtures were incubated for 1 h at room temperature. Enzyme activity was assayed under standard conditions. For comparison, different metal ions (2 mM) were directly added to the purified enzyme and incubated under the same conditions. All metal ions used were in the chloride form.
To study the resistance of the enzyme to denaturing reagents, enzyme samples (final concentration, 60 g/ml) were incubated at 90°C with different denaturing reagents in 0.1 M sodium acetate buffer (pH 5.6) for 30 min. After 10-fold dilution, residual enzyme activity was assayed under standard conditions.
Analysis of hydrolysis products. The purified P. furiosus APU (1.6 U/ml) was incubated at 90°C with 1% (wt/vol) starch, pullulan, glycogen, amylose, amylopectin, or oligosaccharides. Samples were withdrawn at different time intervals. Hydrolysis products were identified and quantified as described previously (11) .
Nucleotide sequence accession number. The sequence of the 3.5-kb insert of plasmid pSK211 is available in GenBank under accession no. AF016588.
RESULTS AND DISCUSSION
Cloning of the P. furiosus apu gene. Among about 20,000 colonies tested, only one produced a clear halo on reactive red dye-pullulan plates. This clone showed both pullulanase and ␣-amylase activities. The recombinant plasmid, pS211, contained a 8.3-kb insert (Fig. 1) . The plasmid-encoded pullulanase and ␣-amylase activities were constitutively expressed by E. coli in a starch-free medium independently of the presence of isopropyl-␤-D-thiogalactopyranoside, the lac promoter inducer. To locate the genes in the insert, subclones were constructed by deleting internal restriction fragments and by exonuclease III deletions (Fig. 1) . Subclones pSK211 and pSKN211 displayed both pullulanase and ␣-amylase activities. In plasmid pSAB63, the deletion of an additional 1 kb abolished both pullulanase and ␣-amylase activities.
Sequencing of the apu gene. Plasmid pSK211's insert was sequenced entirely. Two open reading frames (ORFs) were identified. A first potentially truncated ORF (ORF1) (bases 1 to 795) encoded a 265-residue polypeptide. The highest similarity in the GenBank/EMBL database was found with integral membrane components of protein-dependent transport systems (i.e., maltose, maltodextrin, and putrescine transport systems) (data not shown). In particular, the N-terminally truncated polypeptide showed 35.4% identity with E. coli MalG (GenBank accession no. X02871), an integral membrane component of the E. coli maltose transport system. A second ORF (ORF2, bases 809 to 3367) encoded an 853-residue polypeptide. Since no stop codon was found in the insert, the 3Ј end of this ORF (GenBank accession no. AF016588) was cloned by ligation-mediated PCR with P. furiosus genomic DNA as the template.
Pullulanase and ␣-amylase activities were copurified from E. coli containing plasmid pSK211 as a single protein, indicating that this recombinant protein was an APU. Two amino acid sequences (RYSGMNQYEAVEDFINELLK and RALEGLK EGDVKEYSSLSPV) obtained by sequencing fragments of the native P. furiosus APU were identical to amino acid sequences encoded by ORF2. This result confirmed that the pSK211 insert was P. furiosus chromosomal DNA and that ORF2 encoded a P. furiosus APU. The N and C termini of the purified recombinant enzyme were sequenced. The N-terminal sequence (EEPKP) was identical to the sequence starting 27 residues downstream of the initial Met. Devoid of acidic residues, the 26-residue sequence (MSRKLSLLLVFLIFGSMLG ANNIVKA) upstream of the N-terminal sequence showed all of the characteristics of a prokaryotic signal peptide (37): a short upstream sequence containing positive residues, followed by a long stretch of hydrophobic residues interrupted by serine and glycine residues, and an 8-residue downstream sequence ending with an alanine. Interestingly, the C-terminal sequence (QVKGVV) of the recombinant protein ended with a valine located 62 residues before the stop codon, possibly due to hydrolysis by an E. coli protease.
The sequence TTTATA located 74 nucleotides upstream of the initial codon was identical to the consensus sequence defined as box A in archaeal promoters (15) . The sequence TTACTAN 17 TATAAT located 72 nucleotides before the start codon and overlapping the archaeal promoter sequence corresponds to an almost typical E. coli consensus promoter sequence and probably accounts for P. furiosus apu gene expression in E. coli (see reference 11 for a discussion). Two bases upstream of the apu coding sequence, the sequence GTGGA is complementary to part of the conserved 3Ј end of archaeal 16S RNA (5) and is identical to the putative ribosome binding sites of the P. furiosus intracellular ␣-amylase (19) and ␤-glucosidase (36) genes.
The GϩC content of the apu gene was 42.4%, slightly higher than the value (38%) reported for the total genome (13) . The proline codon CCG was never used, and the threonine codon CCG was rarely used. Like in other reported hyperthermophilic archaeal protein genes (33), AGG and AGA arginine codons were strongly preferred. Together with residues sus- 
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on October 20, 2017 by guest http://aem.asm.org/ ceptible to deamidation and peptide bonds susceptible to hydrolysis, cysteines and disulfide bridges are among the protein structural elements most sensitive to destruction at high temperatures (35) . The low number of cysteines present in some hyperthermophilic enzymes (10, 39) has been considered an element contributing to their extreme thermostability. The complete absence of cysteine residues in the 827-residue-long P. furiosus APU might also contribute to its extreme thermostability. Sequence comparisons. By using Tfasta to search the GenBank and SwissProt databases, no high similarity score was found between P. furiosus APU and any amylolytic enzyme or other polysaccharidase. When compared one by one, reported APUs and other enzymes belonging to the ␣-amylase family showed only 40 to 49% similarity and 17 to 21% identity to P. furiosus APU (data not shown). Seventeen to 37 gaps were required to build these alignments. None of the four consensus sequences characteristic of all ␣-amylase family enzymes (22) were present in P. furiosus APU. By using Blast to screen the same databases, only four proteins having a significant similarity score were identified. A Synechocystis hypothetical protein (Unkn) (probability, 2.3 ϫ 10 Ϫ39 ), P. furiosus intracellular ␣-amylase (Amy1) (probability, 10 Ϫ4 ), and Dictyoglomus thermophilum ␣-amylase A (AmyA) (probability, 0.027) showed 49 to 52% similarity and 21 to 26% identity to P. furiosus APU through their entire sequences ( Fig. 2A) . Only 14 to 17 gaps were introduced in the alignments. The high Blast score of the Arthrobacter globiformis glucodextranase precursor (probability, 8.4 ϫ 10 Ϫ8 ) was due to the high identity of its C terminus to the P. furiosus APU C terminus (Fig. 2B) . No other proteins in the GenBank or SwissProt database contained this conserved region. To convince ourselves that the similarity of P. furiosus APU to Synechocystis Unkn, P. furiosus Amy1, and D. thermophilum AmyA was significant compared to its similarity to enzymes of the ␣-amylase family, a multiple sequence alignment was built (not shown). This 16-sequence alignment included the four enzymes whose sequences are shown in Fig. 2A as well as two archaeal and six bacterial ␣-amylases, one neopullulanase, one pullulanase, and two bacterial APUs. In this alignment, P. furiosus APU, Synechocystis Unkn, P. furiosus Amy1, and D. thermophilum AmyA behaved like a separate group. They appeared to be clearly related to each other and completely unrelated to any other sequence in the alignment.
Since enzymes of the ␣-amylase family share a similar (␣/␤) 8 barrel structure, we predicted the secondary structures for the four related proteins to determine if they could fold as (␣/␤) 8 barrels. At least 12 ␣-helices were predicted in the four enzymes with an accuracy Ն82.9% ( Fig. 2A) . Only five ␤-strands were accurately predicted. All of the secondary structures could not be predicted here, since the low number of proteins (four) that we used for the prediction limited the overall accuracy of the method. Since secondary-structure prediction methods typically predict ␣-helices more accurately than ␤-strands, it is possible that additional ␤-strands exist in regions where no accurate predictions could be made and that these proteins fold as (␣/␤) 8 barrels. Enzymatic polysaccharide hydrolysis typically involves a catalytic triad composed of acidic residues. Among the 21 residues conserved in the four proteins ( Fig. 2A) , 5 are acidic residues (Glu239, Asp261, Asp313, Glu327, and Asp544 in P. furiosus APU). Assuming that P. furiosus APU is an (␣/␤) 8 terminal end of the barrel, typical locations of catalytic residues in (␣/␤) 8 barrel enzymes (12) . Determination of the involvement of these residues in catalysis awaits further analysis.
Thermostability of the recombinant P. furiosus APU. Migration of the recombinant P. furiosus APU in SDS-PAGE reflects that the protein had a very thermostable three-dimensional structure. After heat treatment in denaturing buffer at 70°C or below, the recombinant P. furiosus APU exhibited an apparent molecular weight of 50,000 in SDS-PAGE. When denaturation was performed at 85°C, another protein band with a molecular weight of 90,000 was observed. At 100 and 110°C, all of the protein was shifted to 90,000 (Fig. 3A) . Several bands of protein degradation products started appearing at 100 and 110°C. The 766-residue recombinant P. furiosus APU had a calculated molecular weight of 89,000. This value is in agreement with the molecular weight of 90,000 obtained after denaturation at or above 100°C (Fig. 3) . These values are lower than the molecular weight (110,000) of the native P. furiosus APU which was described as a glycoprotein (7). The apparent molecular weight of 50,000 observed after denaturation at temperatures of Յ70°C suggests that, under these denaturing conditions, P. furiosus APU retains its globular structure and migrates faster in SDS-PAGE than expected from its molecular weight. Temperatures of 85°C and above were necessary for chemical agents to denature the enzyme. Under these conditions, the enzyme unfolded enough to display its actual molecular weight in SDS-PAGE. The enzyme still remained active even after denaturation at 100 and 110°C (Fig. 3B) , suggesting that unfolding was not complete. The native P. furiosus APU had the same resistance to denaturation and migration behavior in SDS-PAGE (data not shown), suggesting that these properties depended on the enzyme's primary sequence. Similar behavior was also reported for the recombinant P. woesei amylopullulanase (29) and P. furiosus extracellular ␣-amylase (11) . P. furiosus APU denaturation was affected by Ca 2ϩ (Fig. 3A) . In the presence of Ca 2ϩ , all of the protein remained at a molecular weight of 50,000 in SDS-PAGE after denaturing treatment at 85°C. Much higher temperatures were required to make all of the protein shift to 90,000 in SDS-PAGE. In the absence of denaturing reagents, incubation at temperatures of up to 110°C for 10 min did not seem to affect the enzyme's native structure (Fig. 4) . The protein appeared at the same position in native PAGE and did not lose activity.
The enzyme's resistance to denaturation described above is consistent with its intrinsic extreme thermostability. The EDTAtreated P. furiosus APU had a half-life of about 11 h at 90°C (Fig. 5) . This half-life increased fourfold, to 44 h, at 90°C in the presence of 5 mM Ca 2ϩ , making P. furiosus APU one of the most thermostable enzymes described.
The recombinant P. furiosus APU did not have any detectable activity at room temperature. Its activity increased with temperature, up to the highest level at 105°C (Fig. 6A) . Many enzymes from the ␣-amylase family, including APUs, are Ca 2ϩ dependent. In the presence of 0.5 mM Ca 2ϩ , the recombinant P. furiosus APU showed enhanced pullulanase activity and still displayed 20% activity at 120°C. After extensive EDTA treatment, the enzyme had almost three times less pullulanase activity than in the presence of Ca 2ϩ (Fig. 6A) . Addition of Ca 2ϩ to the EDTA-treated enzyme completely restored the pullulanase activity (Table 1 ). The effect of Ca 2ϩ on the enzyme's ␣-amylase activity appeared to be slightly different. Addition of 0.5 mM Ca 2ϩ to the enzyme that was not previously EDTA treated slightly decreased its ␣-amylase activity. Still, the EDTA-treated enzyme lost approximately 50% of the ␣-amylase activity, which was nearly completely restored upon addition of 0.5 mM Ca on October 20, 2017 by guest http://aem.asm.org/ treatment affected the optimal temperature for APU activity (Fig. 6A) . Other divalent cations were tested for their effect on P. furiosus APU activity. Sr 2ϩ increased the enzyme activity, whereas Ni 2ϩ , Cu 2ϩ , and Zn 2ϩ were strong inhibitors ( Table 2) . Ca 2ϩ was the best activating cation. The order of the different cations for their effect on the enzyme activity (Table 2) followed nearly exactly the Irving-Williams (18) 
, in which the ionic radius decreases and the ionization potential increases from Ba 2ϩ to Zn 2ϩ . These results emphasized the specificity of the P. furiosus APU-Ca 2ϩ interaction. In Ca 2ϩ -stabilized enzymes, the metal ligands are usually carboxyl and main-chain carbonyl groups from different portions of the polypeptide chain (14) . The liganding mainchain carbonyl groups are usually located in turns or in regions with a regular secondary structure. The absence of information on the three-dimensional structure of P. furiosus APU coupled to the lack of significant similarity between P. furiosus APU and any amylolytic enzyme with a known structure does not allow us to draw any conclusion about the mechanism by which Ca 2ϩ stabilizes and activates this enzyme. The recombinant P. furiosus APU showed 80% activity or more at pHs of between 4.5 and 7.0, with an optimal pH of about 6.0 (Fig. 6B) . In phosphate buffer the enzyme activity was reduced due to calcium phosphate precipitation.
Substrate specificity, kinetic properties, and hydrolysis product analysis. Kinetic properties were determined with pullulan and soluble starch as substrates (Table 3) . K m and V max values were calculated from nonlinear best fits of data to the Michaelis-Menten equation by using the Kinzyme software (4). The most dramatic effect of Ca 2ϩ on P. furiosus APU catalysis was the 12-fold increase of the enzyme affinity for pullulan (Table 3) , leading to a 14.5-fold increase in its catalytic efficiency. This result agrees with the report of Brown and Kelly (7) that Ca 2ϩ decreased the native P. furiosus APU K m for 4-nitrophenyl-␣-D-maltotrioside 10-fold. In comparison, the enzyme affinities for soluble starch increased only twofold in the presence of Ca 2ϩ . P. furiosus APU hydrolyzed a wide variety of substrates, such as pullulan, soluble starch, amylose, amylopectin, and glycogen. The enzyme also hydrolyzed oligosaccharides but much slower. The longer the oligosaccharide chain, the higher the hydrolysis rate (data not shown). The enzyme activity was inhibited by cyclodextrins (data not shown). Inhibition increased in the order ␥-cyclodextrin Ͻ ␤-cyclodextrin Ͻ ␣-cyclodextrin when pullulan was used as the substrate. These inhibitors had a much weaker effect on the enzyme activity on soluble starch. ␥-Cyclodextrin did not inhibit enzyme activity on soluble starch.
Pullulan can be hydrolyzed by four types of enzymes: (i) pullulanase, hydrolyzing ␣-1,6 glucosidic bonds to form maltotriose; (ii) neopullulanase, hydrolyzing ␣-1,4 bonds and producing panose; (iii) isopullulanase, cleaving ␣-1,4 glucosidic linkages and producing isopanose; and (iv) glucoamylase, degrading pullulan from nonreducing termini and producing glucose. To identify to which type of enzyme the recombinant P. furiosus APU belongs, the hydrolysis products of different substrates were analyzed by high-performance anion-exchange chromatography with pulse amperometric detection. With pullulan as the substrate, maltotriose and maltose represented 87 and 10% of the total products, respectively. No panose or isopanose could be detected. When soluble starch was used as the substrate, the main products were maltohexaose, maltopentaose, maltotetraose, maltotriose, maltose, and glucose. These data confirmed that the recombinant P. furiosus APU has both pullulanase and ␣-amylase activities. The ␣-amylase activity is of the liquefying type.
Influence of other reagents. The recombinant P. furiosus APU activity on pullulan doubled after preincubation of the enzyme with Triton X-100 (Table 4 ). The same effect was observed after incubation with Tween 80 and polyethylene glycol 8000 (data not shown). In the presence of 1 mM SDS, pullulanase activity increased by 77%. Higher SDS concentrations reduced the enzyme activity. The enzyme was highly resistant to other denaturing agents: incubation of the recombinant enzyme with 1 M guanidine HCl, 5 M urea, or reducing agents did not cause any activity loss.
Comparison of P. furiosus and P. woesei APUs. The recombinant P. furiosus and P. woesei (29) APUS have similar behaviors in SDS-PAGE after denaturing treatment, similar optimal pH values for activity, similar resistance to thermal inactivation, and essentially identical affinities for pullulan and starch (Table 5 ). The two enzymes significantly differ in a few aspects, however: (i) in contrast to the P. woesei enzyme, P. furiosus APU was still highly active at pH 4.5; (ii) P. furiosus APU showed catalytic efficiencies on pullulan and starch that were approximately 3 and 6 times higher, respectively, than those of the P. woesei enzyme; and (iii) reducing agents significantly enhanced the P. woesei enzyme activity but had no effect on P. furiosus APU activity (Table 5) . P. furiosus and P. woesei are considered very closely related organisms. Still, their APUs are obviously quite different enzymes. 
